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ABSTRACT 


J5! s „ p, : 08ram J Combustion Performance and Heat Transfer Characterization of 
LOX/Hydrocarbon Type Propellants, Contract NAS 9-15958, was undertaken to 
evaluate llqu Id oxygen and various hydrocarbon fuels as low cost alternative 
propellants suitable for future space transportation system applications. The 
emphasis of the program Is directed toward low earth orbit maneuvering engine 
and reaction control engine-systems, y a 

TU!i2j ,1 K 1< S^ 0f 4 r ®9® nerat1vel y cooling an orbit maneuvering thruster was 
analytically determined over a range of operating conditions from 100 to 1000 
psla chamber pressure and 1000 to 10,000-ibF thrust, and specific design 
polnts^were analyzed In detail for propane, methane, RP-1, ammonia, and 
ethanol; similar design point studies were performed for a fllmcooled reac- 
tion control thruster. 


Heat transfer characteristics of propane were experimentally evaluated In 
heated tube tests. Forced convection heat transfer coefficients were deter- 
m l2® d J . ov ®£ the range of fluid conditions encompassed by 450 to 1800 psla, 
i?nn4° +2 °\ a " 50 t0 150 f t/sec, with wall temperatures from ambient to 
1200^, and heat fluxes to 10 Btu/1n. 2 sec. Nucleate boiling and coking 
were also evaluated. 


Seventy-seven hot firing tests were conducted with LOX/propane and L0X/ 
ethanol, for a total duration of nearly 1400 seconds, using both heat sink 
and water-cooled calorimetric chambers. Combustion performance and stability 
and gas-side heat transfer characteristics were evaluated. Four Injectors * 
were tested: two with conventional llke-on-llke doublet and 0F0 triplet 
elements, and two with unconventional platelet elements. Film cooling was 

?nnn ?!r es ! e !i: rt Th6 combust1on chamber was sized for a nominal thrust of 
1000-1 bF at 300 psla chamber pressure, and testing spanned a significant 
range of chamber pressure and propellant mixture ratio conditions. 
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I. INTRODUCTION 

A. PR'MRAM OBJECTIVES 


object 1 vas of this program wore to evaluate and characterize candidate 
liquid oxygen/tiydrocarbon fuel combinations, and to establish a technology 
base for these propellants that would guide the selection of hydrocarbon 
fuels In future space transportation system applications. 

While the program results are pertinent to any size liquid rocket engine, the 
program was directed toward that thrust range representative of the current 
Reaction Control System (RCS) and Orbit Maneuvering System (OMS) engines on 
in© Space Shuttle# 

The current RCS and OMS propellants — nitrogen tetroxlde and monomethyl 
5* if 1 ]!*/’ ha * e several drawbacks: high cost, potential unavailability due 
to limited manufacture, formation of carcinogenic Intermediates during manu- 
facture, toxicity, handling difficulties, and associated-handling require- 

ptv y e 


The current storable propellant combination was selected over liquid 

5 U Id hydrogen, which, offered much higher performance but was con- 
volume requirements of the fuel, as well, as over liquid 
o*y gen/hydrocarbon fuel alternatives, for which the technology base was gen- 

fffttJfri"* Th V storable propellants had a large technology base, and 
development P cost Ure ** f6d enfl1ne systenis P rofll1sed high reliability and minimal 

♦k! 1 !L!!ii l0 8S n V 0 * t - and r ecurr1n 9 operational costs are key factors In 
the overall cost of a space transportation system. Low-cost easily handled 

JJ'JUf tyPj^ed by oxygen/hydrocarbons, and reusable engine systems 
combine to minimize operational costs. Development costs can, in part, be 
minimized by the judicious selection of the propellants; that selection pre- 
supposes a substantial technology base. The intent of this program Is to 
contribute to such a base. 


B. 


PROGRAM SUMMARY 


The program was conducted over a forty month period, beginning In October 

consisted of three major task areas; as described below. These task 
and*?3i re Thfe"fliSSi tn - th ! e ? c ? m P[ ehens1 , ve data dumps, References (1), (2), 

m, ( v’ji^ if ss wt- Wum 1 ~ s Tasks 1 »« 

TASK I - REGENERATIVE COOLING CHARACTERIZATION 

This task comprised two subtasks. First, forced convection and nucleatP 
boiling heat transfer data and correlations available In the literature for 
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I, A, Program Objective (cont.) 




r 


candidate Hydrocarbon fuels were reviewed. Those candidates Included pro- 
pane, methane, RP-1, and ammonia. Regenerative chamber cooling analyses 
were then conducted to compare the cooling capabilities of each fuel and 
determine the operating point (thrust and chamber pressure) limits Imposed 
thereby. Second, heated tube tests were performed to determine the heat 
transfer characteristics and the coking behavior of propane, both com- 
mercial grade and Instrument, grade. 

TASKS II AND IV - SUBSCALE INJECTOR CHARACTERIZATION 




Tasks II and IV Involved the design, fabrication, testing and data analysis 
of subscale Hardware, l.e., nominal thrust of 1000-lbF, to evaluate the com- 
bustion, performance, stability, and gas-side heat transfer characteristics of 
liquid oxygen/hydrocarbon propellants. Four Injector patterns were tested, 
Including conventional OFO triplets and llke-on-llke doublets, and unconven- 
tional platelet patterns In which fuel swlrler elements were located within 
pairs of drilled orifice or splashplate oxidizer elements. Heat sink and 
water-cooled calorimeter chambers were utilized, and a removable chamber sec- 
tion was used with the former to allow evaluation of chamber length effects. 

A fuel film coolant ring was used In conjunction with the triplet and plate- 
let Injectors. An adjustable accoustlc cavity section provided combustion 
stability. 

Seventy-seven, tests were conducted, with a total duration of approximately 
1370 seconds. Both propane and ethanol, were tested, the latter with, gaseous 
as well as liquid oxygen. Chamber pressure and mixture ratio were varied 
widely to assess operating point effects. 

TASK III - PRELIMINARY ENGINE SYSTEM CHARACTERIZATION 

In Task III numerous engine operating points were analyzed to determine 
engine performance and weight figures for orbit maneuvering and reaction con- 
trol system thrusters, l-he work built upon the regenerative cooling studies 
of Task I, updated for the propane heat transfer correlation derived empiric- 
ally In that task, and extended to Include turbomachinery for pump-fed sys- 
tems, alternative chamber materials for the orbit maneuvering thruster, and 
film cooling for the reaction control thrusters. Thruster envelopes were 
defined by the current engines on the Space Shuttle. 

C. PROGRAM CONTRIBUTIONS TO NASA OBJECTIVES 

This program significantly enlarges the technology base for LOX /Hydrocar bon 
propellants and Is an Important step towards a LOX/Hydrocarbon axulilary 
propulsion system. A number of additional steps Is obviously necessary for 
that system to become a reality. 
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I, 0, Program Contribute wifi to NASA Ubjoctlvpn (cont.) 


Specific results and conclusions developed In the program aro summarized 
below. The extensive experience gained In the design, analysis, and testing 
of hardware for these propellants also contributes to tho technology base hut 
cannot bo readily quantified. 

Not fire testing went smoothly and was quite successful. High combustion 
performance was achieved with conventional as well as unconventional Injector 
elements and stable combustion was readily obtained with acoustic cavities. 
However, chamber ges-slde heat fluxes were conslderbly higher than values 
based on standardized predictive methods. Apart from this, there were no big 
surprises, and the design of high performance, stable, regenerative ly-cooled 
thrust chambers does not .appear to present any unusual or Insurmountable 
difficulties. 

Perhaps the biggest disappointment — in terms of using LOX/hydrocarbon pro- 
pellants for the APS was the low wall temperature threshold determined for 
coking of propane. This, combined with propane's Incompatibility with copper, 
the material of choice for high pressure regeneratlvely cooled chambers 
because of Its high thermal conductivity, may eliminate propane as a candi- 
date propellant. This would be unfortunate, because propane otherwise offers 
a desirable-combination of high combustion performance and high mass den- 


On the analytical side, the engine point designs generated In this program. 

In conjunction with the system point design studies conducted in Reference 
(4) — to which the Task III results were Input — strongly support any 
future selection of propellant, operating point, engine cycle, and degree of 
system Integration. The approach here was to first consider the flow and 
pressure drop requirements of the thrust chamber and injector and then work 
upstream to the turbopump requirements and/or tank conditions, overall engine 
performance and weight, and finally in the Reference (4) program. te system 
optimization. 


U. RESULTS AND CONCt-US IONS 

A. TASK I - REGENERATIVE COOLING CHARACTERIZATION 

1# The parametric regenerative cooling analysis showed the following for 
the four candidate fuoU? 

(a) Methanes either vapor phase or supercritical pressure fluid Is an 
acceptable coolant at higher thrust levels over the entire range of chamber 
pressure without the need for additional film-cooling. Subcrl tl cal pressures 
are unacceptable because ef the limited subcooling. 

(b) Propane? either vapor phase or supercritical pressure fluid Is accept- 
able at higher thrust levels without additional film cooling. Subcrl ti cal 
pressures are unacceptable because-of low burnout heat flux. 

(c) RP-1: because of low coking temperature, RP-1 Is not a satisfactory 
coo: ant. . 

(d) Ammonia? either liquid (nucleate boiling) or vapor phase Is accept- 
able. 


2. Sufficient heat can be picked up In the nozzle to vaporize the fuel — 
In the case of methane and propane only -- to allow vapor-phase cooling of 
the combustion chamber. 

3. Heated-tube testing of propane resulted In a forced convection corre- 
lation that grouped 95% of the data within +24%. Limited film and nucleate 
boiling data were obtained; burnout heat flux was found to be considerably 
higher than an extrapolation of available low flux data would predict. 

4. Coking In the heated tube tests occurred at wall temperatures less 
than 500°F{ coking rate was comparable to published data for RP-1. Propane 
purity affected the rate but not the threshold temperature of coking, 

B. TASKS II AND IV - SUBSCALE INJECTOR CHARACTERIZATION 

1. The llke-on-llke injector pattern was fired with LOX/propane In a 
heat-sink chamber and found to be low-performing, as a result of both poor 
atomization and poor mixing. The combustion was bomb-stable. 

2. The OPO triplet Injector was fired with both LOX/propane and LOX/ 
ethanol In both heat-sink and water-cooled calorimeter chambers. In the 
calorimeter chamber It was tested with and without fuel film-cool Ing. Per- 
formance was very high with LOX/propane, for which the unit was designed, and 
slightly lower with LOX/ethanol due to non-optimum propellant momentum match. 
Combustion was stable with both propellant combinations. 
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II, B, Task II and IV - Subftcale Injector Characterization (cont. ) 


3 * , 0n !L Injector was designed for liquid-phase Injection of L0X/ 

ethanol; the Injector pattern consisted of a swlrlor fuei element within two 
splashelate oxidizer elements. Although this unit achieved high performance, 
propellant blowapart apparently occurred, causing tho outer periphery to be 
oxidizer-rich. The addition of fuel film-coolant Increased the gas«s1de heat 
flux as well as Injector performance. 


The other platelet Injector, was designed for gaseous oxygen (60X)/ 
ethanol Injection. The pattern consisted of a fuel swlrler element within 
two drilled oxidizer orifices. This, injector achieved high performance with 
t Gffl P®rature propellant and slightly reduced performance at ‘cv 
(<«130°P) temperature. 


5. Throat heat fluxes experienced with- ethanol were considerably hi a w * 

than would be predicted with the standardized pipe-flow correie*nn. • 
inferred correlating coefficient (Cg) was approximately than fouid 

be expected for storable propellants. The correlator t , e f,t for 
ethanol was found to be extremely sensitive to ml-xtr ? , atlo. 

6. Carbon deposition In the acoustic cavities with LOX/propane was exten- 
slve to the point that acoustic damping capabilities could be lost. Film- 
coolant Injection from the forward end of the cavities reduced the amount of 
carbon deposition within the cavities. 

7. Carbon deposition on the chamber wall occurred only with LOX/propane 
and was largely lost during the start and/or shutdown transients. Engine 
restart was marked by a return to clean-wall heat flux conditions, followed 
by a progressive decay as the deposition layer Increased. As a result, the 
thermal resistance of the deposition layer cannot be assumed for design 
purposes to limit gs-slde wall temperatures to less than clean-wall values. 

8 ; Carbon deposition was negligible with LOX or GOX/ethanol. The exhaust 
plume was clear whereas with LOX/propane It was not. 

C. TASK III - PRELIMINARY ENGINE SYSTEM CHARACTERIZATION 

1. Design point analyses for ten different concepts (propellant combina- 
tions and operating points) Involving a pressure-fed regeneratlvely-cooled 
orbit maneuvering engine showed the following: 

(a) Methane, with vapor-phase cooling, offers the highest specific 

1 litpUl 
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(b) Propane performance, with vapor-phase cooling, is nearly as high but 

is severely degraded with liquid-phase cooling due to high fllm-coollnq 
requirements... , 

(c) Ethyl alcohol requires no film cooling but the performance is lower 
than that of liquid propane. 

2. Analyses of twenty-eight concepts Involving a punp-fed, 
regeneratlvely-cooled ocblt maneuvering engine showed the following: 

(a) The highest performance Is— again obtained for methane. 

(b) Performance with propane is slightly lower. 

(c) Performance of all twelve methane and propane concepts Is within a . 
range of 10 sec Isp, over a large range of thrust and chamber pressure. 

(d) Etfvl alcohol performance is lower than that of methane or propane, 
and the performance of ammonia Is only slightly higher than that of a 
pressure-fed storable propellant engine. 

(e) In light of the propane/copper compatibility Issue, nickel wes exam- 
ined as an alternative (to copper) chamber wall material and Is found suit- 
able to abdut 400 psla chamber pressure without the use of film-cooling. 

(f) Regenerative cooling with liquid oxygen is feasible at high chamber 
pressures. If required because of fuel-cooling limitations. 

(g) Subcooling the propane could eliminate the need for boost punps. 

3. Analyses of twelve concepts for the film cooled reaction control 
engine and vernier engine showed the following: 

(a) The trend of performance for the candidate fuels Is similar to that 
for regeneratlvely cooled thrusters: methane, propane, ethyl alcohol, and 
ammon i a* 

(b) Film-coolant requirements center around 20* of the fuel for the reac« 
tlon control thruster regardless of fuel or chamber pressure. 



III. 


RECOMMENDATIONS 


A. Investigate the causes of propane coking — Impunities, catalytic 
effects, etc. 

B. Develop solutions to the Incompatibility of propane and copper, such 
as coatings, alloys, fuel additives, etc. 

C. Characterize coking thresholds and heat transfer of methane and 
ethanol* 

D. Develop correlations for gas-side soot formation of LOX/methane and 
LOX/propane. 

E. Characterize gas-side heat transfer for these propellants (typically 
higher heat transfer rates are measured than would be predicted with standard 
formulations). Also, characterize film-cooling behavior. 

F. Address fuel-rich combustion behavior as applicable to gas generator 
and turbopunt?, (devices. 

G. Evaluate the cost aspects and systems Issues (handling, etc.) associ- 
ated with LOX/hydrocarbon propellants. 

H. Pursue the explanation for anomalous behavior observed during testing: 
(1) the requirement for higher oxldlzer-to-fuel momentum ratios to achieve 
optimum performance In hot-fire tests than would be predicted on the basis of 
cold-flow test results; (2) the exceptionally high throat heat fluxes 
observed In the ethanol firings; (3) the Increased carbon deposition effect 
noted with LOX/propane at higher mass flux (chamber pressure). 
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IV. TECHNICAL DISCUSSION 

A. TASK I - REGENERATIVE CQOUNG CHARACTERIZATION: 

Task I comprised two subtasks, which are discussed separately. These sub- 
tdSKs are: 

Task 1.1 - Cooling Correlation and Comparison 
Task. 1.2 - Experimental Heat Transfer Investigation 

B. TASK 1.1 - COOLING CORRELATION AND COMPARISON 

1. Objectl ves 

The objectives of Task 1.1 were to: 

Co 5n U ? t a l 1ter «ture review of the cooling characteristics of propane, 
methane, RP-1, and ammonia. H H • 

(b) Determine the feasibility of regenerative cooling for the four fuels 
Jure L»°t?Xs f ™ 0 t0 10 * 000 -' b|: and 8 ra ”9 e chamber pres- 
to) Specify operating conditions for which heated-tube testing Is required 
to characterize or corroborate heat transfer behavior of the four fuels. 

2. Scope 

Numerous point studies were made to determine regenerative cooling feasibil- 
ity at varous thrust levels, chamber pressures, and coolant states. The 
following table provides an overview of the scope of these point studies: 


Coolant 

Coolant State 

# Cases 

w MirubL 

Levels 

if unamDer 

Pressures 

Propane 

Supercritical Pressure 

16 

4 

4 

Propane 

Subcrltlcal Pressure - 
Vapor 

24 

4 

5 

Propane 

Subcrltlcal Pressure - 
Liquid 

11 

2 

2 

Methane 

Supercritical Pressure 

6 

4 

4 

Methane 

Subcrltlcal Pressure - 
Vapor 

6 

4 

3 

RP-1 

Supercritical Pressure 

6 

2 

2 

RP-1 

Subcrltlcal Pressure - 
Liquid 

1 

1 

1 

Ammonia 

Subcrltlcal Pressure - 
Liquid 

4 

3 

3 
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IV, B, Task I. I - Cooling Correlation and Comparison (cont.) 


3. Approach 

The seventy-four cases above were analyzed with the SCALER Computer Program 
for forced convection cases and with a modified version of the program, 
BOSCALE, for nucleate boiling cases. These two programs were developed by 
ALRC specifically for parametric design studies. With the programs It is 
economic to generate a relatively large number of point studies and still 
obtain a detailed multi-station analysis of a rectangular channel at each 
axial station. • 

The SCALER program scales the chamber geometry and the local gas-side heat 
transfer coefficients and coolant heat loads from reference Input to other 
thrust and chandler pressures. The coolant channel geometry parameters are 
prescribed together with channel material (s) and their temperature-dependent 
properties and the coolant-side heat transfer correlatlon(s). Two- 
dimensional heat conduction around the coolant channel Is included providing 
a fin effectlvlty which results in a transformation of the gas-side heat flux 
to a lower-valued coolant-side flux. At each station, the program iterates 
to determine the channel depth required for satisfying (1) a gas-side wall 
temperature limit, which can be specified as a function of closeout wall 
tenperature with cycle life and veep criteria, and (2) an optional coolant- 
side wall teiwerature limit, such as the coking temperature of the coolant. 
The only slnpllfylng assumption Is that gas-side wall temperature differences 
between the reference Input and the scaled cases have a negligible effect on 
gas-side heat transfer coefficients and heat loads. Normally, gas-side wall 
temperature limits are well-known In advance, so that local reference gas- 
side heat transfer analyses can be run at appropriate wall tenperatures. 

The BOSCALE program was written during this study to Include subcooled nucle- 
ate boiling and burnout heat flux as parameters. The program defines the 
coolant velocity required at an. axial station on the basis of a specified 
burnout safety factor. Iteration on channel depth thus satisfies both the 
gas-side wall temperature limit, as in SCALER, as well as the coolant-side 
heat flux limit. 

4. Ground rules and Assumptions 

a. Thrust Chamber Design 

The thrust chamber geometry assumed for all point designs Is Illustrated In 
Figure 1. Chamber length (1‘) was taken to be 10 to 11 In. The nozzle con- 
tour Is that of a 400:1 area ratio 90% bell nozzle. The regeneratlvely cooled 
section extends to the point of maximum allowable temperature (2755°F) for a 
coated columblum skirt based on 15 hour life considerations. The attachment 
area ratio Is calculated from a simple energy balance: 


TCA GEOMETRY 



Figure 1. Thrust Chamber Contour 
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IV* B, Task 1,1 - Cooling Correlation and Comparison (cont.) 


hg (T r - T,g ) - o E (1 + f) V- 4 


'wg 


where hg Is the heat transfer coefficient, T r and T wg are the recovery 
and wall temperatures, o Is the Stephan-Boltzman constant, e Is the emlsslv* 


ity, and f is the Internal view factor to the nozzle exit p lane. 


b. Coolant Channel .Design 


A typical rectangular coolant channel layout Is shown In Figure 2. Normally, 
each set of Input parameters (l.e., Inlet pressure and bulk temperature) 
requires an Iterative optimization of station channel and land dimensions to 
minimize pressure drop and provide the most effective cooling. Such an opti- 
mization was beyond the scope of this parametric study but several channel 
designs were utilized as approximations for the needs of a broad categoriza- 
tion of heat transfer regimes and coolant states (e.g*, dense single-phase 
supercritical superheated vapor, etc.). Configuration details of these chan- 
nel designs are summarized on Table I. 


In order to minimize maldistribution of flow resulting from typical dimen- 
sional tolerances, a channel depth of 0.030 in. was selected as the minimum 
representative of a feasible channel design. Channel depths of 0.020 to 0.030 
In. were considered marginal In that, with optimization, satisfactory mini- 
mum depths. of 0.020 In. might be obtained. Channel depths less than 0.020 
In. were considered beyond Improvement to the minimum depth. 


For the hydrocarbon fuels* zirconium copper (Zr-Cu) was selected as the gas- 
side liner material, with an electroformed nickel outer wall. Because of the 
Incompatibility of ammonia and copper, 304L stainless steel was selected for 
the ammonia design cases. Gas-side wall temperature limits for Zr-Cu were 
set by Figure 3, which Is based on creep and cycle life considerations; gas- 
side wall thickness requirements were based on Figure 4. SlrnUar design 
charts were used for 304L stainless steel. 


c • 


Gas-Side Heat Transfer 


Throat Reynolds numbers In this study covered a range which yields three 
boundary layer flow regimes. At high Reynolds number the flow Is fully tur- 
bulent; at low Reynolds number, acceleration effects are strong enough to 
cause the boundary layer to undergo reverse transition to laminar flow. At 
moderate Reynolds number* the transition process Is started but not completed 
In the convergent section; the transition process spans the Reynolds number 
range of 6 to 13 x 10&. Figure 5 displays the the three flow regimes over 
the thrust chamber pressure map of Interest to this study. 
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Figure 2. Channel Layout 
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IV, B, Task 1,1 " Cooling Corrolatlon and Comparison (cent.) 


In- the fully turbulent regime, the boat transfer coefficient was calculated 
from the standard pipe flow corrolatlon, as Illustrated by Figure 6, The 

1 9- t SL c «T? 1 * t1 Sf eoeff ! c1eflt represents the effects of flow accel- 
eratlon. In tho laminar flow regime* a laminar heat transfer correlation was 

tl1e transition region, the laminar and turbulent heat transfer 

fSStllS SlSM! e [n W0 i 9 5 ted ?" J he b0s1s of throat Stanton ambers based on 
laminar and turbulent formulations. 


Meat flux reduction due to carbon deposition on the gas-side was accounted 
for by a factor that was used only for calculation of the coolant bulk temp- 
erature rise and not for calculation of local wall temperatures (due to 

factoU 8 were C used^ a 1n9 ° f th ® deposit1on 'W® 1 *)* T b® following multiplying 


f Jthane: 0,765 
Propane: 0.42 
RP-1: O.ko 
Ammonia: 1.00 


The factors for the hydrocarbon fuels were based on the hydrogen/carbon 
ratio, following the approach of Reference 5; a value of 1.0 (no reduction) 
was also evaluated for the hydrocarbon fuels. ' 


d. Coolant-Side Heat Transfer 


Forced convection of methane and propane at supercritical pressures was 
(Ref 6S 6)^ by thG correlat1on developed by ALRC for supercritical oxygen 


Wu b « 0.025 Re b Pr b ' 


0.4 ,%0.5 ,^0.5 / C 


(f) 

p w 


V 


(c £) 0.67 ( P ,-0.2 (1 + 2 
C P b P cr1t W 


All other forced convection situations were 
(Ref, 7): 


represented by the Hines equation 


Nu b - 0.005 Re b 0.95 Pr b 0.4 

2rl5ed n by t ALRC t wIJe? correlat1ons for P r °P ane » based on Reference 8 and 

0 BO * 0.3 + 0.0004 V AT sub , V AT sub < 1000 
- 0.58 + 0.00012 V A T sub , V AT sub > 1000 
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F1gure 6. Gas-Side Heat Transfer - Turbulent Regime 
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IV, 8. Task 1.1 . Cooling Correlation and Comparison (coot,) 


whore? 


V « coolant; velocity, ft/soc 
Jsub ■ coolant subcool ina, *F 
P B0 ■ burnout hoat flux, Btu/ln.R sec 


Those correlations wore supported by limited empirical data to? 

^ 4Tgub “ 3bOO e F ft/SQC, with a spread of + 2B%, 

and devefojLoy ALRC, C were? a ^° nS f ° r ammon1a ’ based on References 9 and 10, 


0 , 


BO 


2 * IB + 0.00086 V AT subf 
3.3 + 0.00068? V AT sub , 


V AT sub £ 4000 
T SU b > 4000 


9HU 

a spread of^oj? 8 are supported by data t0 v AT sub « 14,0Q0°F ft /sec, with 

SlWSlS! t@ “ re8 "" IWtid by coking considerations to the 

Propane: 800°F 
Methane: 1300 °F 
RP-1: 580 °F 

5. Results 

and U sS^r1zld%™fabtls P ?rthrwgh n viir e I r ?f hka '> ?» F, S“^ 7 

temperatures and flux values IdMttfled on the 9 tables? the ,ocat1ons of 
l2e U a?l 9 or°Srf e of t the l f?ri a ?? 1 fh?? e J" the "° 2 ?' e to that «<|u1red to vapor- 

« swr*- 

C* TASK 1.2 - HEATED TUBE TESTS 
Objectives 

conveci^ to (a) correlate the forced 

the nucleate boiling and burSout he®t f iS* JhafUJlSr! fr opaf, S ; ( p ) determine 
pressure oroeene* * »ux characterization of subcrltlcal 

wall t^pSra1u r «, ( ) ,nvestl9ate propane coking characteristics at elected 
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IV, C, Task 1.2 - Heated Tube Tests (corrt.) 


/TV 


2 . 


Scope 


rSn r ^s= C °" VeCtl0n hMt transfer coeff1c,e "“ "ere measured over the following 

£,';?? $ ? re: * 480 1800 pslo 

Bulk Temperatures: -250 to +250 t 

Velocity: 50 to 160 ft/sec 

Heat Flux: 0.2 to 10 Btu/ln. 2 sec 

the' foil owl ng* rangesf f * Ci eatS and cr1t1cal hMt flu *« determined over 

BuTCerature: 48 ?°? 2 ^ 4a 

V AT sub: 20,000 to 40,000®F ft/sec 

Coking was evaluated over the following ranges: 


Pressure: 

Bulk Temperature: 
Wall Temperature: 
Velocities: 
Propane Grade: 


1800 psla 
70 to 230 °F 
350 to 1000°F 
50, 150 ft/sec 
Instrument (99.5*) 
Natural (96%) 


Results and Conclusions 

data r w1th1n°t24*[ f< "" Ced wnvectl0n w “ developed which grouped 95* of the 
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IV, C, Task 1,2 - Heated Tube Teats (eont.) 


4, Test Facility 

a. ALRC Heat Transfer Test System 

The heat transfer test facility, shown schematically In Figure 10, consists 
of the following: 1) a ISO gallon 5500 psl, vacuum-jacketed, propane run 

tank with a high-pressure helium pressurization system; 2) a jacketed rim 

line; 3) an enclosed, electrically heated test section; 4* 225 Kw DC power 

supply; and 5) all necessary controls and Instrumentation. 

The test section apparatus was enclosed In a 1/2 In. thick aluminum box. The 
test section enclosure was covered with an acrylic window and purged with dry 
nitrogen to maintain an. Inert atmosphere. During testing, thetest section 
was monitored continuously with a closed-circuit television. 

The test section was clamped Into electrical connections cantilever-mounted 
In the test section enclosure. The upper connection was supported with flex- 
ures to permit axial movement of the heated test section tube due to thermal 
expansion. To ensure free axial movement, a tension. force was applied to the 
outlet end of the test section. The Inlet of the test section was maintained 
at ground polarity, and the outlet mixer Incorporated electrical Insulation 
to Isolate the test section from downstream. plumbing. 

Flow control was accomplished using a 1/2 in. control valve at the test sec- 
tion outlet. 

Bulk temperature control of the propane was provided by an LN2-dr1ven heat 
exchanger and recirculation pump system. 

b. Test Sections 

Electrically heated test sections were designed to give the greatest range of 
test conditions and data points without exceeding the strength of the tube or 
the capacity of the test facility. 

The test section configuration, together with Instrumentation locations for 
all tests. Is shown In Figure 11. With the exception of Test 111, where the 
test section from the previous test was used, new test sections were used for 
each test. 

The Installation of Instrumentation In the test sections Is shown In Figures 
12 and 13. Pressure taps were located Immediately upstream and downstream of 
the test section and were connected to pressure transducers with 1/8 In. dla, 
CRE$ tubing. Temperature was measured at five stations spaced at even Incre- 
ments along the outside wall of the heated section. Two measurements, 
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located 180 apart, were taken at each station and averaged. The thermo- 
couples were electrically Insulated from the tube with a thin strip of Mica 
to prevent voltage from the tube Interfering with thermocouple readings. To 
ensure good heat transfer between the tube wall and the thermocouple, the 
thermocouples were spring-loaded against the test section. Because the 
thermocouples are not directly attached to the heated tube, the measured 
temperature Is somewhat lower than the actual wall temperature. Calibration 
tests for these configurations (Ref. 8) allow correlation of measured data 
with actual wall temperature. 

c. Instrumentation 


The neasured parameters, together with. instrument type, are listed In Table 
X. In addition to the standard low frequency measurements, high frequency 
pressure transducers, Installed In both Inlet and outlet mixer sections, were 
used to measure pressure oscillation resulting from abnormal flow or heat 
twnsfGr modes* 


5. Heat Transfer Tests 

The propane heated tube test program consisted of a total of twelve Indlvl- 

'K S 4 i e i! 9ne ?. t0 cover as w1de ~ a of test condi- 
tions and variables as fluid flow tlmeuwould permit. 

J d ® ta1 ] 6d summary of all test conditions is presented in Table XI. At each 
data point, five wall temperature measurements along the length of the tube 
were f^J^ed; these correspond to the thermocouple positions shown In Figure 
Internal wall tenperatures, calculated from the measured external wall 
temperatures, are listed In Table XII in conjunction with the calculated 
local coolant parameters. The data points listed In Table XI are keyed to 
the test section local coolant parameters, shown In Table XII, through the 


Tests 101-108 were all conducted at supercritical pressure, covering a wide 
range of coolant bulk temperature and velocity. Typical wall temperature 
trends versus Input heat flux for each test are plotted In Figure 14. U Data 

" rilar 2 al ]. tests » w1th the h6at transfer coefficient 
degrading at Increased wall temperatures. Flow oscillations, shown shaded 1i 

pressures* °^ ten occurred at wa11 temperatures, particularly at lower 


l? 9 .through 111 were ail conducted at subcrltlcal pres- 
8U ™* J typical wall temperature versus heat flux for these tests Is pre- 

2 4 ? ur fu 15 * ? ata tre " ds were sim11ar 1n all tests and could be 
Hi various cooling regimes: forced convection at wall temp- 
eratures below the saturation temperature, forced convection with nucleate 
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TABLE X 

PROPANE HEAT TRANSFER INSTRUMENTATION LIST 
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IV, C, Task 1,2 - Heated Tube Tests (cent.) 


boiling from the saturation temperature to the critical heat flux, and film 
boiling. 

Three tests were dedicated to evaluating coking behavior. Figure 16 shows 
the measured temperature responses with various heat Inputs; the gradual 
Increase In temperature reflects the build-up of the coke layer, l.e., 
reduced cooling effectiveness of the fluid flow. 

6. Data Correlation 


Forced Convection 

Forced convection heat transfer data were correlated by using the following 
equation: 



where: 


Nu « Nusselt number 

Re * Reynolds number 

Pr * Prandtl number 

P a Density 

p a Viscosity 

k a Thermal conductivity 

Cp ■ Specific heat 

K a Experimental determined constant 
P a Pressure 

PcrJt B Critical pressure 

L/D * Length /diameter from Initiation of heating 


and subscripts: 


b - denotes property evaluated at bulk temperature 
w - denotes property evaluated at wall temperature 

The constants k, a, c, d, e, f, g, and h were determined from the forced 
convection data by using a multiple regression analysis computer program. 
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Figure 16 . Typical Coking Test Results 



IV, C, Task I #2 - Heated Tube Tests (cont.) 



Five cases were. analyzed, as follows; 


— - - Coafflclonta / Exponents 


1 .00838 ,90 .4* .,129 ,242 ,193 .,395 

2 .00148 1,0* ,4* - ♦ 227 .367 .069 ..299 

3 .00845 .890 ,4* .,114 ,339 ,397 . 526 

4 .00532 .889 .4* -.129 .351 .0995 -.432 

8 .00568 .876 .4* .120 -.142 ,828 ..368 

•Denote* exponent held constant In analysis ~~~ 


-i * Jl £ a h 

STD 

Dovlat 

.4* 

*.125 

.242 

.193 

.,396 

-.024 

.130 

,4* 

-.227 

.367 

.069 

-.299 

-.037 

.130 

»4* 

-.114 

.228 

.267 

-.626 

0* 

.130 

.4* 

-.129 

.351 

.0995 

-.432 

0* 

.127 

.4* 

.120 

-.142 

.628 

-.368 

.254 

.121 


All forced -convactlon data 

All forced convoctlon data 
Reynolds number flxod 

forced convection data 
' p ' p cr1t' peBlove<1 
Supercritical data 
' p/p cr1t' refli eved 

Supercritical data 
"1th I p / p C r1t )tenn 


Cases 1, 2, and 3 utilized the data from all twelvp in ..... a _ . - 

oi 9 a?rdlL a ^di u ^?c^c a TS"X^ s c rr^ corra,at,ons basad 

Nucleate Bolling and Burnout Heat Flux 

Burnout heat flux data are plotted In Figure 19 and correlated by: 

0B.O. a 0.5 + 0.00027 V AT sub 
where; 0B.O. » Burnout heat flux - Btu/1n.2 see 
V ■ Fluid velocity - ft/sec 
AT sub ° (T saturation - T bulk) - °F 
Nucleate boiling data were correlated in the following manner: 

0 T * 0F.C. ♦ 0 Nuc 
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Figure 18. Forced Convection Correlation Based on Supercritical Pressure Data 






Burnout Heat Flux Correlation 
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IV» C, Task 1.2 " Heated Tube Tests (cunt.) 


whore: 


0'T " Total measured boat flux - Rtu/ln* 2 see 

0p,C. * Assumed forced convection component when 


Twall > T sa t - Btu/1n.2 sec 

?Nuc B Residual attributed to nucloate boiling mechanism 
- Btu/tn.* sec 

The forced convection effect was calculated from 
0 FC ° hp.c. (T*at " Tbulk) 

The forced convection coefficient hp.c, was calculated at T wa ^ ■ T sa t 

°Nuc J as then plotted versus wall superheat (T wa it - Teat). The 
results are shown in Figure 20. wan sat 

Coking Correlation 

rer!!SJti a n? r !KSl? t J ed 4.1 n Fl9 * re 21 ! n th ® form of cokin 9 rate versus the 
“ P r ?;t\ 0f absolute temperature. A dashed line representing RP-1 rates 
(Ref. 11) Is shown as a comparison. 

Coking rates were calculated from the test data using the following model: 


)vjy-COKE 
\ LAVER 

\ , 

I 

COOLANT 

FLOW-Tb 

TEST SECTION 


^1 L-TUBE 
\ WALL 

— t film 


FILM 


<t> 


r coke r coolant 

HEAT MODEL 
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'wall “ T $at ( wal1 superheat) 


Figure 20. Nucleate Boiling Data 
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IV, t\ Task 1,2 - Heated Tube Tests (cent.) 


In this model: 


T wall " 

Jflln * 

T buij| ; 
Rcoolant a 
R coke “ 


Calculated Inside tube wall temperature 
(from test data) 

Effective coolant film temperature 

flu Ik temperature of coolant (from test data) 

Heat flux (from test data) 

1/h, where h Is the measured heat transfer, 
coefficient 

Thermal resistance of coke layer 


^fllm assumed to be the reference temperature at which the coking Is 
occurring. It Is calculated as 

T f11m * ^wall “ (•’‘coke 9) 
or Tf1la_i. h + (Rcoolant 9) 

Initially R coke > o and T f11m « T wa i-|. 

As coke develops on the tube wall, Is calculated as: 


T f 1 1 m a T b + (Rcoolant d) 


At constant 0, T b and Rcoolant are also assumed constant, therefore 
jfllm) remains constant and R coke Is calculated from R cok6 ® (T wa n - 


R coke measured as a function of time and a coking rate defined as 

Rcoke 

At 


at the effective temperature, Tf-jim 

Upon change of power level, 0, a new Tf 11m Is calculated as: Tfnm ■ 

•wall ( R coke horrent value] 0) whereupon the procedure Is repeated. 

7. Test Section Inspection 

Test sections used for the supercritical and cooling test series were split 
Into two halves, as shown In Figures 22 and 23. H 


Steil amounts of coke can be seen In some of the supercritical test sections 
(short duration exposure), while blackened tubes were characteristic of the 
low velocity coking tests. 


• • 
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IV, C, Task 1.2 - Heated Tube Tests (cent.) 


8. Propane Purity 

Two grades of propane were purchased for this program - natural and Instru- 
ment grade. Nine cylinders (20 gallons each) of natural grade have been 
used. Five of the nine were purchased from Matheson and the remainder from 

Liquid Carbonlcs. 

The Initial run tank fill consisted of 5 Matheson and 2 Liquid Carbonlcs cyl- 
inders. An additional cylinder was added on 16 April 1980. A sample of the 
run tank contents was taken on 23 May 1980 after completion of heat transfer 
test #107. Propane purity was near nominal, 95.4%. 


Prior to Initiating heat transfer Test #108, an additional was 

added, and Tests 108 through 111 were completed. On 1 July 1980, a sample 
was again taken prior to purging the system for addition of~~1nstrument grade. 


The analysis showed an unusually low propane content, 87%, while ethylene and 
butane components were each up to 5%. 


On 18 July 1980, following Test #112, the run tank and unused cylinders of 
product were sampled. 


Sample results are tabulated on Table XIII. 


D. TASK III - PRELIMINARY ENGINE SYSTEM CHARACTERIZATION 


1. Objective 

The objective of Task III was to characterize engine LOX/hydrocarbon system 
parameters. In particular performance and weight for LOX./hydrocarbon orbit 
maneuvering and reaction control system thrusters. 

The Task III results formed a basis for a related contract, LOX/Hydrocarbon 
Auxiliary Propulsion System Study (Ref. 4) conducted by McDonnell Douglas 
Astronautics Company to characterize the engine pod system. ALRC also sup- 
ported this program under subcontract, to provide additional parametric data. 


2. Scope 

Task III was conducted In two phases. "Baseline" engine point designs were 
evaluated In the Initial phase and "parametric" engine point designs In the 
following phase. 

Thirty-eight OME and twenty RCE design points were analyzed on the two 
contracts. Of the OME design points, twenty-eight were pump-fed systems and 
ten were pressure-fed. The pump-fed systems were primarily gas generator 
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TABLE XIII 


PROPANE SAMPLE ANALYSIS 


Sample 

23 May 1980 
(Run Tank) 

1 July 1980 
(Run Tank) 

18 July 1980 
(Run Tank) 

Liquid Carbonic 
Instrument Grade, 
as received 


Liquid Carbonic 
Natural Grade, 
as received 


Ethane 

¥WM 

Ethylene^ 

(Wl < W 1 V V I Ml 

Propane 

Butane 

1.32 

m 

95.4 

3.03 

0.56 

5.14 

87.36 

5.48 

0.10 


99.00 

0.42 

0.04 


99.95 


1.08 

5.23 

90.85 

2.82 


Unknown 

0.25 

1.46 

0.48 

0.01 

0.02 


7 


Tentative assignment; retention time Is consistent. 

2 

Peak shape Is similar to butane. One speculative assignment 
Is butylene, but no standards were available. . 


IV, D, Task III - Preliminary Engine System Characterization (cont.) 


cycles In which fuel-rich gas was used to drive separate turbopumps for the 
two propellants; common shaft concepts were also Investigated. Several 
expander cycle design points were evaluated. All twenty of the RCE designs 
were treated as pressure-fed; chamber pressures were In some cases suffi- 
ciently high to require pump feed systems, however, and these were evaded 
In the Reference 4 study assuming an OME turbopump could service multiple RCt 
thrusters. Twelve vernier engine design points were also analyzed In a cur- 
sory manner. 


3. Results and Conclusions 

In general, methane and propane were found to offer the highest performance, 
with methane being slightly higher than propane. Pump-fed systems had higher 
performance than, pressure-fed concepts, by virtue of higher chamber pressure 
and higher area ratio within the constraint of a fixed nozzle exit diameter. 
Pressure-fed engine performance with ammonia and ethyl alcohol was not 
significantly better than that of the current engine which uses storable 
propellants. Punp-fed engines using methane or propane offered a 50 sec lsp 
Improvement, however* Performance trends for the RCE thruster design points 
were similar for the four fuels. 

Engine weights varied Inversely with chamber pressure for the pressure-fed 
OME designs; only one thrust level was addressed. Pump-fed engine weights 
varied directly with thrust and only slightly wlt'i chamber pressure. Weights 
did not vary significantly with fuel selection -n either case. 


Key results for all design points analyzed under both this and the 
McDonnell -Douglas contract are given In Table XIV. 


4. Approach 

The analvtlcal approach for a given design point was to first calculate the 
chamber coolant needs, which determined the turbopump requirements or tank 
pressures In the pressure-fed engine concepts. The turbopump requirements In 
turn dictated the gas generator requirements. The three components were thus 
analyzed sequentially. Thereafter the overall engine performance and weight 
figures could be defined. 

As In Task I, the SCALER or BOSCALE computer programs were used for the 
regenerative cooling analyses. The turbomachinery was analyzed with the 
TURBO computer program written by ALRC. 

The film-coolant requirements for the RCE and vernier thrusters were calcu- 
lated by means of the HOCOOL computer program written by ALRC. This program 
Is based on an entrainment model In which the core gas Is assumed to be 
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IV, 0, Task III - Preliminary Engine System Characterization (cent,) 


entrained by the film coolant gas <n an annular mixing layor along the cham«. 
her periphery, It Incorporates the framework for regenerative cooling 

SStffSr the°oRE 0 ?h?I? s t“ a ! 1SO “'° d t0 coolant require- 

6* Groundrulos and Assumptions 

SH? un SS 1es 2 nd a8 ?umpt1ons which guided the design point analyses of the 
OMt, RCE, and vernier thrusters are Identified In Table XV, along with the 
rationale for selection and the Impact on the engine design. 

ilillEM 2 0ted specifically that the regenerative cooling analysis was 
updated for the empirical heat transfer correlation developed in Task I for 

C0 Ii e l at l2 n was u ?! d ! or both P r °P ane and methane In the design 
P o1 5J, 8tudlG8 : Al80 * the gas-side heat transfer correlating coefficient (Co) 
profile was changed from the Task I parametric studies to reflect the experl- 

KfiLPiiK lln in °SJ a ! , 1 S d b ^ AL S c ! n f1re testing with LOX/RM under 
nf5lI!fSL N ff ?' 2l 2?°» H1 f2 °ens1ty Fuel Combustion and Cooling Investigation 
Referen^ 12.). Figure 24 shows the much higher eg profiles used for both 

C0 5 t ;f t1on «t1o CR ■ 2) and high chamber pressure 
used t 1n C Task 1 ^° CR a 3,3 cases 1n comparison to the "standard*' profile 

6. Technical Discussion 

Engine cycles analyzed for the OME system are shown on Figure 25. The RCE 
was treated as a simple pressure-fed engine similar to the pressure-fed OME 
except that the thrust chamber Is film-cooled. * 

2?« a P£ mure schedule, thrust chamber thermal analy- 

TTkS 8? generator analysis, performance, and weights analyses 

5vTT®JHJ n a ii i v i baseline engine design points, and In Table 

XVII for all parametric design points, analyzed under the NASA contract. 
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3.1 0M£ Concept 


PROPELLANTS 

lox/c 3 h 8 

Pc/P 

100/8K 

800/1 OK 

800/1 OK 




(Boost 




Pump) 

e Plonuw Pc»..ps1a 

100 

800 

800 

• Face Pc, pila 

103 

824 

824 

• APInj, pel* 

as 

180 

160 

* AP TCV, pel 

s 

20 

20 

* AP 11nes, psl 

• 

16 

16 

• APcj, psl 

40 

118 

115 

• £A P, psl 

80 

311 

311 

a Interface or 

143/183 

1020/ 

1020/ 

pump discharge 


1135 

1135 

pressure (ox/fue 

1). 



psla 




e APInJ/Pc 

0.38 

0.20 

0.20 

e AP c j' Pc 

0.40 

0.14 

0.14 


lox/nh 3 


100/6K 1 


COMMENTS 

• 

100 

800 


103 

824 

Based on Ag/A^S.S 

36 

160 

Based on Chug 
Criteria 

5 

20 

Typical fc» t- 

Ing r*» *• 

- 

16. 

j 

1 

16 

290 1 

{ 

i 

56 

486 


143/159 

1020/ 

1310 


0.35 

0.20 


0.16 

0.36 



32-2T\£; , r. , r to,h * “ ,c£ w9,Mi « •* “■ — • * « *. 


‘Puwp-fed win. APlnJ«0.2 * Pc 
Pressure-fed APInJ: 

• J>]d Injection^ win. API. |/Pc»o.2 

• Oas Injections win. AP1nj/Pc«0.15 


Note: Min. AP1nJ/Pc occurs at low Pc and nigh MR corner of operating box. 
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PR0PEIUU1T* 


10X/CH, 



250 150 



COMMENTS 




• Plenum Pc, psla 
« Face Pc, psla 

• APInj, psl* 

(ox/fuel) 

• * P TCV, p* 1 

• ESP, psl 

a Interface 
Pressure, psla 

« APlnJ/Pe 
* (ox/fuel ) 



82 — 138/136 


58/156 


316/414 


316/316 246 


258 Based on Ac/At»3.3 

38/120 Based on chug 

criteria 

20 Typical for exist- 

ing engines. 


316/398 , 


0.16/0.54 0.55 0.15/0.13 0.48 0.15/0.48 


Note; Pressure schedule Is based on nominal operating t*c and MR 


‘Based on pressure-fed criteria (reference 3.1 OML oncept) 


E 
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4.0 CHAMBER THERMAL ANALYSIS 

4.1 OME Concepts 


PROPELLANTS 


LOX/CjHg 

L0X/CH 4 

LOX/NH 

3 

COMMENTS 

100/6K 

800/1 OK 

800/1 OK 

100/6K 

800/1 OK 

100/6K 

B 

00/1 OK 


• Thrust, IbS 4400 9058 

4 Pc, p$1a 78 720 

• MR tw 2.31 3.18 

• "<We 3 * 3 3<15 

• box, lb/sec 9.62 18.84 

• R f> lb/sec 4.16 5.98 

e No. of Regen Pasiesl (up) 1 (up) 

• APc.J. , psl 17 90 

• Pc. j.-ln.psla 150 1080 

• Pc. J. out, psla 133 990 

e Tc.j.-1n.*F -44 -44 

e Tc.J.-out? *F 28 186 

e ATc. j. ,*F 72 230 

4 Regen c 6.2 23.8 

• . ®ff C( lb/sec 1.25** 0 

e XFuel Film 30 0 

Coolant 

• T ffc-1n, 28 

• Twg max, *F***» 222 1 835 1 


1.495 1.13 


18.79 
5.11 
1 (up) 
146 
1080 
934 
-259 
-12 
247 
23.6 
0 
0 


1 (up) 1 (up) Counterflow 


30.9 tadlatlon cooled 
*** lotzl e attachment 
2.96 3* entrainment 
factor 


1,1. 1000°F max 


NOTE: All thermal analyses were performed at low Pc and high MR corner of operating box. 
This Is the most severe operating point. 

♦Bulk temperature of coolant Is based on cbked gas side wall: C,H„ Q..,/Q • 0.42 

CH. Qact/Q • 0.765 

♦•Total fuel flow used for regenerative Cooling. * 

***Fue) film cooling does not pass through regenerative coolant jacket. 

****Twg Is based on a carbon free wall surface. 

104 
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M CHAMBER THERMAL ANALYSIS (coot.) 


4.1 OME Concepts (cont.) 


QRiGW’HAL P/ivH*. «•* 

OF POOR QUALITY 


PROPELLANTS 


LOX/CgHg L0X/CH 4 LOX/NHj 

800/10* 800/1 OK 100/6K 80O/1OK 100/6K 800/10K 


COMMENTS- 



Twj max 

hA BTU/1n z -sec 
9 r *F 

h*, BTU/ln -sec 
1 -*F 

Tr*, °F 

Q/A max, BTU/ln 
* sec 

Q/A v max, BTU/ln 

flZA max S6C 

Q Tota1,BTU/sec 

V c max, ft/sec 

V c (Mach No) imx 
N o of channels 

Min Ch Depth, in 

APcJ./Pc 

Limiting 
Criteria - 


.00133 .00493 
.00654. .0321 


201 1 ?• 800 ° p 
W1 2. 1000°F 


.00490 .00094 .00791 
.0404 .0186 .0947 

5840 2773 1728 

26.7 2.20 6.9 

14.6 2.32 7.5 


0.59 0.54 


2 1. 0.77 
2. 0.60 


0.3 max 


0.09 0.19 


closeout 


*9 max. flux. 

















a. 870 Lb Thruster 

• Thrust? Use 

• Pc, psla 
a mr t »» 


U 0X> lb/sec 1.381 
ftp Ib/sec .44) 

Ib/sec .08! 

X Fuel Film 19 

Coolant(of l3 f ) 

Taw Max, # F 2400 

iWlSt. ffdw) 

5 Lb Thrusters 

Thrust, lbs 

Pc, psla 


fox, 

Uf, Ib/seo 

"ffc, Ib/sec 

XFuel Film 
Coolant 
Taw Max, # F 


19 

20 

17 

19 

20 

20 

2400 

2400 

2400 

2400 

2400 

2400 

ffdw) 

4.8 

3.9 

4.2 

8.0 

8.6 


U2-. Saturated vapor at 
Injection 

0 6% entrainment 

factor 

00 2400°F maximum 

6 

Concept Is similar 
to L0 a/RP- 1 Ignite 
which has duct fill 
cooling. Core MR 
Is 20:1 to reduce 
Twg. Selected 
overall MR Is at 
Max. Isp. 
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8.0 TPA ANO-GGA ANAlYSlS-(cont.) 

8.1 OME-Xoneepts (cont.) 


PROPELLANTS 

LOX/CjMg 

L0X/CH 4 

LOX/NHj 

■■nil 

PUMPS 


MEM 

Iflf 

MAIN 

MAIN 

• Imp. D 0)( In 

2.0 

2.4/2. 1* 

■■ 

1.23 


• Imp. Of In 

1.38 

1.8/1. 8. 

■S3 

1.62 


• *«, * 

62.6 

74/60.3 

58.4 

57.8 


• Nf, * 

88.4 

72/57 

59.5 

61 


1 Turbines 






• Pin, psla 

790 

936/790 

790 

790 


t Pout, psla 

79 

88/79 

79 

79 


• Pr 

10 

-/10.0 

10 

10 


• d GG Ibm/sei 

0.42 

.45 

0.278 

0.268 

For ox TPA 

• "08 lbm/se^ 
•f i 

0.28 

*30 

0.231 

0.494 

For fuel TPA 

• T 1n, ° R 

2000 

•/2000 

2000 

2000 


* Tout, ®R 

1647 

-/I 624 

1566 

1539 


• AT, ®R 

353 

*/376 

434 

461 


• Spec. Spd QX 

7.8 

7.5 

9.3 

9.7 


e Spec Spdf 

12 

9.6 

10 

14 


« No. of 

1 

1/1 

1 

1 


Stages ox 






a No. of 

1 

1/1 

1 

1 


Stagetf 






* * T1 *> °ox, <" 

7.0 

3.2/7. 5 

4.6 

4.6 


• Tip Of, In 

4.0 

2.4/5. 1 

3.9 

4.3 


•H* 

67 

51/62 

64.6 

68 



62 

46/64 

64.0 

64.3 



♦Boost Pump/Ha In Pump 


NOTE: Sot page 3 of 3 for additional turbine data 
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TPA AND OQA. ANALYSIS (COtIT.) 
om£ Concoot'i. (cont.) 


Ujii'ilbftS « vIl l i . i 

OF POOR QUALITY 


PROPELLANTS 

lox/c 3 h 8 

L0X/CH 4 

LOX/NHj 

COMMENTS 

• 

PUMPS 

MAIN 

■MftW 

MAIN 

MAIN 


Gat Generator 

• Pc qg • P*1a 

* Hid 

ox 


800 

' 0.268 


For Ox TPA 
For fuel TPA 


a Cp .BtU/lbm- . 

. v * 

a MM 
e Tc, # R 

a Additional Oat i 
Pumps 

a Oxld Flow.GPI 
a Fuel Flow.GPI 
a Oxld Speed, R>M 
a Fuel Speed, R } M 
a Impel ter Tip Spd. 
a 0x1d,ft/ee: 
a Fuel, ft/it: 
a Shaft Power 
a Oxld, HP 
a Fuel, HP 
Turbine 

a Blade Tip Sp d (u) 
a Oxld, ft/s ac 
a Fuel, ft/ dec 

a Ratio u/ipout* 

Ing velocity 
(u/v) 

a Oxld 
a Fuel. 


128.4 

84 

45,630 

90,800 


128 . 4 / 141 ' 131 

84/90 101 

9 , 4 / 0 / 42,700 74,550 

14 , 420 / 67,000 87,250 

104/391 410 

121/529 623 

3 . 9 / 14 * 133 

1.8/100 112 


132/1400 

153/1499 


100 

158 

74,900 

80,000 


‘Boost Puffip/Maln Pump 
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TABLE 
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PROPELLANTS 


6.1 OME Concepts 


lox/c 3 h 8 


lox/nh, 


800/10Nj 800/1 OKI 100/6K 800/10K 100/6K BOO/IOK 


a- Engine Fv, lbf 
t TCA Fv, lbf 

• Engine MR 

• TCA MR 

• Core MR 

4 Film Barrier MR 0.61 

• Turbine Ex. Fv, [lbf - 

• TCA Ibm/ 


orb, ,Bm/ * ec 

Fuel Film Cool int 30 

(of fuel flow) 

>g <!„„ Ibm/tec 12.16 
ig Ibm/sec 6.34 
ig !sp, Sec 324.3 
CA Isp, tee* 324.3 
ore lip (OOK).sic 350.1 

SP turb, ,9C 

e/At 44 

t , In. 6.48 

l* In 43 

Fuel Film Coolant 10.3 
(of total flow) 

nglne Total I 18.60 
low Rate, Ibm/tec i 


10,099 

10,000 



COMMENTS 


6000 10,107 

6000 10,000 
1.25 .93 

1.25 .94 

1.40 1.40 tex. OOK Isp MR 

0.50 0.38 


18.82 3’. 08 
10.46 15.06 
8.36 16.02 


10.46 15.34 
8.36 16.50 

318.8 317.4 

318.8 321.7 

337.8 362.7 


236 44 224 

2.80 6.48 2.95 

43 43 43 

- - 4.9 17 

4. 27.54 18.82 31.84 


I 
















TOPiim 



TABl 


6.2 RCE Concept 


PROPELLANTS | 

mmm\ 

Pc 

ISO 

250 

a 870 lbf -Thruster 

l 


a TCA MR 

2.23 

2.20 

a Core MR 

2.75 

2.75 

a TCA # 0Xf 1bffl/{ 

1C 1.97 

1.90 

a TCA ft f( 1bm/s' 

0.88 

.86 

a %<L f „ (of fue 

19 

20 

~ fc * flow) 

(5.9)* 

(6.3) 

a TCA Ispi Sec 

305.4 

315.5 

a Core Isp(ODK) 

399.7 

351.7 

sec 



a Ae/At 

27 

46 

a 0 t , in 

2.04 

1.56 

a D. v In 
ex, 

10.6 

10.6 

a 25 lbf Thrusters 



a TCA MR 

2.75 

2.75 

a Core MR 

20 

20 

• TCA SI 0J{( 1bi/$ 

9C .080 

.077 

a TCA fl f ,1b«i/*e 

t .029 

.028 

a XtU. (of tota 
ffc * flow) 

1 23 

23 

a TCA lap. sec 

229.0 

236.6 

a Core Isp(ODK) 

* • 

« 

sec 



a Ae/At 

27 

46 

e 0 t , In 

0.36 

0.27 

a 0*„ In 

T.BO 

1.80 


‘Film cooling at * of total flow 


















uWWmU •' ■ 

OF f'OOW QUftUTV 


(I. i cent, 


n of 


LOX/CH. 


10X/NH. 


100/6K 060/1 OK 100/6K B00/10K 


COMMENTS 


0.5 

20.1 9.5 

65.1 

71.0 62.1 

00.8 

81.2 82.7 

19.3 

18.3 19.3 

i/rr 

190 170 “ • 

30.5 

21.3 30.5 

74.4 

52.9 74.4 

) 6.9 

21.7 16.9 

7 . 6 / 6.0 

7 . 5/73 

2 . 4 / 2. 3 

2 . 3 / 2. 5 

21.0 

21.0 2 . 1.0 

7.6 

7.6 7.6 

0 

0 0 , 

9.6 

2.6 9.6 

7.8 

7.8 

22.8 

22.8 

6 B .8 

31.2 68.8 

302.6 

317.7 383.8 


Does not Include 
TCA Valve 

Scaled from OME 
Scaled from OME 

















i 


I 

I 

I 

I 

I 

I 

I 

I 

I 

I 

I 


I 

i 

I 


I 

f 
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TABLE XVI (cent. 1 


7 <2 RCE Concopts 


PROPELLANTS 


Pc 


870- Ibf Thruste r] 


• TCA (each) 

• Valves 

• Injector 
. Chamber/Nesslb' 

• Insulation ♦ f 
Miscellaneous 


• Propellant Con- 
ditioning 

• Heat Exchange 
(ox/fuel.) 

• G8A( ox/fuel) 

• Controls & Instr 

• Pressure Reg. 
(ox/fuel) 

• Accumulator , 
Valves (ox/fuel) 

• TPA gga Valve i 

• Prop. Cond GOA 
Valves 

. Main Propel laijt 
Va1ves(ox/fue]) 

. Instr. 

• TPA Controller! 


LOX/CA 


ISO 


2.5 

8.3 
4.8 

9.4 


22.0 


290 


3.4 
4.2 
4.8 

9.4 

O 


26.3/- 

5,5/ - 

31.8 

6. 2/2.0 

7. 6/3.8 

7.8 
3.3 

4.3/3. 8 

14.4 

36,0 


89.2 


LOX/CH. 


150 


2.5 

5.3 
4.8 

9.4 

22X 


250 


5.3 
4.2 
4.8 

9.4 

20“ 


26.3/26. q 
5.5/4. 5 


62.8 

6 . 2 / 6. 2 

7. 3/7. 3 

7.6 

10.9 

4. 2/4. 9 

19.2 

36.0 

09.8 


LOX/NH, 


150 


2.3 

5.3 
4.e 

9.4 

2T7T 


250 


3.1 

4.2 
4.8 
9.4 

2f7T 


23.7/- 

5.7/- 


29.4 

6 . 2 / 2.0 

[7. 4/4. 2 

8.5 

5.9 

1.5/4. 2 

14.4 
36.0 

92.3 
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COMMENTS 




. f,: 

.. L 


T 

■s# 

E> 






















TABLE 


0.0 ENVIL0PE/SI2E 


0.1 OME Concept!) 


PROPELLANTS 

Pc/F 


LOX/CjHg 


100/6K 

— • 


800/1 OH 


a TCA (each) 

. Length, In. 

. Nozzle Dte.tr 
• TPA (ox/fuel) ■ 
. Length, tn. 

. Diameter, tn. 
a GGA(ox/fue1) 

. Length, tn. 

. Diameter, In 


9. 6/5.0 
7 .5/4.4 


10 

4 


800/1 OK 


(Boost 

Pump) 


5. 2/5.0 
6. 0/4. 4 

10 

4 


a Boost Pump 
(ox/fuel) 

a Length, tn. 
a Diameter, tn. 


5. 2/5. 6 
4. 4/3. 6 


QWGWAL PiV-2 ^ 

OF POOR QUALITY 


m (cont,) 


Paflfi 14 pf 16 


LOX/CM 

100/6K 


4 

800/1 OK 


LOX/Nllj 
100/6K 300/1 OKj 


COMMENTS 
















#JAUlV 
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PARAMETRIC POINT DESIGN DATA DUMP 



OF POOR Q W U1V 


TABU XVII (cont.) 


Rfiga.X4ii4fi. 


PRESSURE SCHEDULE - OME 


PROPELLANTS 


LOg/CjMg 


100/6K 150/6K 400/ 1 0K 800/6K 150/6K I400/10K |400/i0K 


COMMENTS 


• Plenum Pc, psla J 100 

* Face Pc, psla 


TTTimil 


• APInj, psl 
(ox/ fuel ) 


lines, psl 

• AP eJ , psl 

• IA P, psl 

• Interface or 
pump discharge 
pressure (ox/fuel) 
psla 

• APinj/Pc 


41 7***1 1?6 


41 7*** 


412 Based- on Ac/At 
* 3.3 

93 Based on chug 
criteria 

20 Typical for exist. 


2X of Pc 


40/54 56/227 123/568 196/372 55/77 123/568 121/202 

143/157 209/381 535/980 1020/ 209/231 535/980 533/6K 

1 1 96 


.35/. 17 0.33 


•33/. 23 0.24 


‘plup.feTmr'AP^?^' 0 ! r ° ME 3nd RCE enq1neS the n0n,1,jat °° erat1n9 PC & MR ’ 

•Includes 15 psl forAp across heat/exchanqer (nozzle) 

acKS r i t5Sttl!l9 C S!JS‘ Actua1 APC,J * “ 10 * 13 ns1 ‘ R ««a<n1ngAP Is achieved 

Pressure-fed OWE and RCE AP. 

Inj 

• Liquid 1nJect1on;m1n. AP. nl /p c , o.2 

* Gas injection: mtn.APjj]j/Pc - 0.15 

Note: min. A P 1nJ /P C . occurs at low Pc and Mqh MR corner of oneratlnq box. 
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TABLE XVII (coaU 
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PRESSURE SCHEDULE - 


PROPELLANTS 

' «*0 2 /c 3 h 8 


LOjj/CH^ 

Pc/F 

mum 

150/870 

300/870 

150/870 

e Plenum Pc, psia 

100 

150 

300 

150 

« Face Pc, psia 
(ox/fuel) 

103. . 

154 

309 

154 

e aPInj, psl * 

54 

28/82 

163 

30 

• aP TCV, psl 

20 

20 

20 

20 

• AP 11nes, psl 

* 

- 

- 

• 

a AP cJ> psl 

• 

* 


- 

0 U P, psl 

74 

48/102 * 

183 

50 

0 Interface or 
pump discharge 
pressure (ox/fuc 
psia 

177 

1) 

202/256 

■ 

492 

204 

e APinj/Pc 

.54 

.19/. 55 

♦ 54 

.20 

# 6P cj/Pc 

; 

i 






COMMENTS 


Based on Ac/ At 
• 3.3 

Based on chug 
criteria 

Typical for exist 


22 of Pc 


E 













STS* 




f/' 
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CHAMBER THERMAL ANALYSIS - QME CONCEPTS 


PROPELLANTS 

LOX/CjHg 

lox/c 3 h 0 

L0X/C 3 H fl 

LOj/CjH, 

lox/ch 4 

lox/ch 4 

lox/nh 3 


Pc/F 

100/6K 

180/.6K 

400/1 W 

800/6K 

1S0/6K . 

400/1 OK 

40041 OX 

# 

Thrust, lbs 

4500 

4500 

9000 

5400 

4500 

9000 

9000 

• 

Pc, psla 

75 

112.5 

360 

720 

112.5 

360 

360 

• 

""tCA 

3.30 

2.14 

2.94 

3.16 

4.08 

3.68 

1.28 

1 

^Cor-e 

3.30 

3.30 

2.94 

3.15 

4.08 

.3.68. 

1.47 

• 

box, 1b/ tec 

10.23 

8.94 

19.00 

10.95 

10.47 

19.76 

15.96 

• 

t» f ' 1b/ sec 

3.10 

4.17 

6.43 

3.47 

2.56 

5.37 

10.86 

• 

No. of Regen Pas: 

es 1 

1 

1 

1 

1 

1 

1 

t 

APc.J., psl 

5 

76 

11 

132.8 

IS 

8 

63 


Pc.j.-ln.psla 

131 

.197 

1200 

1080 

197 

1200 

630 

• 

Pc. j. out, psla 

126 

121 

1189 

947.2 

182 

1192 

567 

• 

Tc.J.-1n.*F 

90 

-44 

-40 

-44 

-160 

-259 

-28 

t 

Tc.j.-out, *F 

379 

28 

112 

202 

641 

-82 

12 

l 

ATc.J.»°F 

289 

72 

156 

246 

801 

177 

40 

1 

Regen c 

6.23 

6.23 

10.64 

23.76 

6.23 

10.64 

6.73 

1 

• ®ffc, ,b ' sec 

- 

1.46 

- 

- 

- 


1.41 

• 

XFuel Film 
Coolant 

- . 

35 

m 

- 

- 

- 

13.0 

I 

T ffc*1n, * F 


28 

m 


m 

• 

126 

• 

It. 4 

Twg max, *P 

802 

161 

787 

949 

1000 

782 

747 


COMMENTS 


Radiation cooled 
nozzle attachment 
area ratio 


ni i eiivnwi w ^or rwnnvu aw I 

This Is the most severe operating point. 


high MR corner of operating box. 


121 
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CHAMBER TH ERMAL ANALYSIS - OME CONCEPTS (cont.) 


PROPELLANTS- 

LOX/CjHg LOX/CjHg lOX/C 3 « fl L0X/C 3 H fl L0X/CH 4 

lox/ch 4 

LOX/NHj 

il * . 

hh 

i 00/6K 

150/6K 

400/1 OK 

800/6K 

150/6K 

400/10K 

\m 

COMMENTS 

• 

a Twj max 

800 

144 

744 

780 

995 

739 

160 


.a h*, BTU/1n 2 -sec 
8 »»*F 

.000371 

.00193 

.00262 

.00477 

.000995 

.00262 

.00368 

a 

a hi* BTU/ln -ate 
•*F 

.00138 

.00955 

.0132 

.0200 

.00167 

.0134 

.0676 


• Tr* *F 

8346 

1515 

6740 

6908 

5346 

5740 

2233 


• Q/A fl «ax,BTU/1ni 

¥ S0C 

1.81 

2.64 

13.51 

23.64— 

4.56 

14.14 

5.47 


a Q/Aj max,fiTU/1n! 

sec 

.40 

1.41 

6.37 

11.97 

1.03 

5.70 

6.25 ‘ 


• Q/A max. 


.77 

4» 






a ^T^al.BTU/sec 

186 

170 

584 

554 

526 

m 

1059 

.454 

463 


a V c max, ft/sec 

155 

61.8 

47.2 

106.9 

309 

39.8 

111 


* V c (Mach No) max 

.181 

- 

.014 

.058 

.177 

-.025 

- 

0.3 max 

a No of channels*' 

323 

263 

207 

112 

263 

206 

208 


a MlnCh Depth, in 

.082 

.030 

.084 

.030 

.040 

.099 

.050 

.030 1rL-«1n. 

a Limiting 
Criteria 

• 

T w) 


None 

T w1 

*wg 

None 

T wg 


• 

a Chamber 

2.0 


3.3 

3.3 

2.0 

3.3 

3.3 ' 

♦ 

Contraction 

Ratio 









1 * fuel Ragan. 
Cooling 

40 


100 

100 

40 

100 

109 

m *♦ <*♦ * 9 


* * 0 max- flux. 

**At throat land width • .030" and channel width • .0325" 
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ORIGINAL MOS !8 
OF POOR QUALITY 


TPA AND GGA ANALYSIS OME CONCEPTS (1 of 3) 


PROPELLANTS 

LOj/GjHg 

lo 2 /cn 4 

lo 2 /nh 3 

Pc/F •• 

BB 

800/6K 

400/1 OK 

400/1 OK 

• PunTps 




% 


20.9 

12.1 

22,0 

. 16.9 

• ti* Itxn/sec 

* "t 

7.9 

4.3 

6.4 

4 

14,0 

$ NP$P flX| Psla 

20.3 

20.3 

41.3 

34.3 

• NPSP f , ptia 

20.3 

20.3 

20.3 

?0.3 

• p iox, »*<«. 

35.0 

35. ‘0 

56 ♦ 0 » 

t 

*' 4R0 

• P 1f( psl« 

35.0 

35.0 

35.0 

35.0 • 

g p Dox, > sU 

535 

1020 

535 

533 

• P 0 f, 

980 

1196 

980 

614 

• T iOX, ,R 

162.7 

‘ 162.7 

162.7 

162.7 

• V ,R 

416.2 

416.2 

217 

432 

• Spec. Sp<J 0X 

2920 

1740 . 

4920 

4360 

• Spec SPd f 

1315 

1140 

1130 

3150 

e Suet. Spec. 

30K 

30K 

30K 

30K 

Sp *ox 




• Suet. Spec 
Spd^ 

30K 

23K 

36K 

36K 

e No. of 

1 

1 

1 

1 

Steges QX 



• No. of 

1 

1 

1 

1 

StegeSf 

» 


COMMENTS 
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ORIGINAL PAG?; ES 
OF POOR QUALITY 


TABLE XVII fcon t.) 


TPA AND GGA ANALYSIS - OME CONCEPTS (3 of 3) 


Pc/p 400/1 OK 


Oat Generator 

• Pc qq • Ptla 400 

• .Ibtn/sec 0*22 

4 *GG f ,1bm/s4 0.26 

« NR 0.36 

• Cp ,BTU/tbm« o.64 

. r ,F us 

• MW 20 

« Te.'R 2000 

Additional Oat i 


Pumps: 

a Oxld Plow.GPM 1 

• Fuel Flow, 6PM i 

• Oxld Speed ,RPN < 
e Fuel Speed ,RPM j 
e Impeller tip ipd. 

a. Oxld, ft/sec 2 

a Fuel, ft/sec s 

a Shaft Power 
a Oxld, HP 
a Fuel, HP 


Turbine: 

a Blade Tip Spe 3(uY 
a Oxld, ft/sec \ 

a Fuel , ft/sec i 

♦Ratio u/spoutlr ) 
velocity (u/v) 
a Oxld c 

a Fuel l '‘ t 


132 

134 

46,070 

84,500 


800/6K 


76 

53 

59,200 

87,250 


400/1 OK 


138 

109 

72,600 

87,250 


106 

165 

72,600 

77,500 


COMMENTS 
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PROPELLANTS 



100/6K 


• Engine Fv, lbf 6000 

i TCA Fv, lbf 0000 

I Engine MR 2.78 

• TCA 41 R . 2.78 

• Core MR 2^8 

• Film Barrier MR 

• Turbine Ex. Fv, lbf - 

f TC * ®Tot» 1bn ^® 5 17.80 

• TCA 0 OXt Ibm/sec 13.05 

• TCA fl ft Ibm/sec 4.75 

• ft turb, lbra /sec 

• % Fuel Film Coot' r g 

, (of fuel f ow) 

• Eng W ox> lbm/sec 13.0s 

• Eng ibm/sec 4.75 

• Eng Isp, Sec 337.0 

• TCA Isp, sec* 337.0 

• Core Isp (OW./.jac 380.7 
a ISP ..... sec I • 


1S0/6K 1 400/ 10W 400/10 


COMMENTS 


6000 

10,068. 

6,061 

6000 10,062 

10,084- 

6000 

10,000 

6,000 

6000 10,000 

10,000 

1.79 

2.69 

2.81 

3.40 3.44 

1.21 

1.79 

2.80 

3.00 

3.40 3.60 

1.22 

2.75 

2.80 

3.00 

3.40 3.80 

• * 

4 

1.40 

m 

68 

61 

• • 
62 

48 


• I5P turbg * 

• A«/At 48 

J °t‘ };• 6.34 

• V 1n 43 

4 X Fuel Film Cootan 0 
(of total flo^ 

a Engine Total Flow 17.60 


16.01 

12.01 

4.00 

.43 

9 

12.12 

4.32 

368.7 

374.7 
394t1 

141.8 


27.88 
21.68 

6.20 

.38 

I 8 

21.89 
6.37 

356. 0 
368.7 
375.9 
164.3 


30.4 V 

16.71 

13.70 

.38 

13 

[.16.85 

13.94 

326.6 

328.8 


otal Flow 17 
*JUL » 






ORIGINAL F-ACiV-T fii 

OF POOR QUALITY 


TAft LE XVII leant.) 


Pago 10 of 16 


PERFORMANCE ANALYSIS » RCE CONCEPTS 


PROPELLANTS 


• 1.7-0. ..Ibf Thruiten 

9 TCA MR 2,24 

• Core MR 2.75 

• TCA IT, lbm/s$c2.02 

• TCA R^lbm/ste .90 

• * i8.6 

• TCA Isp, Sec 297.9 

t Core tsp(ODK) , 
tee 

i Ae/At 18 

• 0 t , In 2.52 

• 0 Mt in 10.6 

• 25 Ibf Thruster? 

• TCA MR 2.75 

e Core MR 20 

• 

e TCA ® ox # T tMn/s sc ,082 
$ TCA ftfilbm/st: .030 

• * 23 

e TCA Iso, sec 223.4 

e Core Isp(OiJK), . 

tee 

• Ae/At IB 

• 0^, in ** 

• v "> 


♦Film cool 1 na as % of total flow 


300 

ICO 

2.19 

2.48 

2.75 

3.00 

1.87 

1.97 

.86 

.80 . 

20.5 

17.2 

318.8 

313.9 

56 

27 

1.42 

2.02 

10.6 

10.6 

2.75 

3.00 

20 

20 

.077 

.080 

.028 

.026 

23 

21 

239.1 

235.4 

* 

• 

56 

27 

.24 

.36 

1.80 

,4.80 


COMMENTS 


Max OOK Isp MP 















• TCA (each) 

. Injoetor 
. Chamber 
. N022I0 

• . Control s+TCA 

lnstr. 

• Thrust Structure 

Assy. 

• Glmbal System 
0 Plumbing*' 

a TPA (oK/fuol }* 
a Boost Pump(ox/fu 
a ooa (ox/fuel )* 
a Controls I lnstr 

. TCA Valve 
. Pneumatic Pack 
. Purge Valves 
. lnstr.* 

. 6GA Valves* 

. TPA Controller 
. Boost Pump* 
Circuit Valve 


Total, Ibm 


160 / OK 

400 / 10 K 

14.0 

18.7 

62. 9 

68.3 

78.0 

79.6 

18.3 

19.3 

163.2 

179.8 1 

21.3 

30.6 

62.9 

74.4 

17.2 

18.2 

es 

10 . 2 / 6.6 1 

« 

2 . 4 / 2. 6 ! 

21.0 

7.6 

21.0 

7.6 

2?6 

9*6 

m 

7.8 

m 

» 

22.8 

31.2 

68.8 

286.8 

393.4 


l V CH 4 

1 B 0 / 6 K 

400 / 10 K 

13.2 

58.2 
77.1 

18.3 

16.6 

87.4 

79.1 

19.3 

166.8 ' 
21 . 3 ' 

171.4 

30.6 

62.9 

17.2 

w 

74.4 

18.2 
7 . 6 / 6. 6 

m 

2 . 4 / 2. 6 

21.0 

7.6 

21.0 

7.6 

2*6 

m 

m 

9?6 

7.8 

22.8 

31.2 

68 . <r 

289.4 

382.4 


16.8 
47.9 
81 *6 

19 J 10008 not Include 
‘TCA valve 


Scaled from ONE 
Scaled from OMC 




Not required 


*For two TPA*» double these weights 

•♦Plumbing weights are for TCA only. They do not tncludet Purge lines, 684 lines, or 

?V5 hau ‘S^ et T^so "•Wts for pump* fed OME point designs previously 
supplied are» 2.61, 2.0#, and 10.0# respectively. 








































PROPELLANTS 


Pc/F 

e TCA (each) 
Length, in. 

. Nozzle 01a. lr 
e TPA (ox/fuel) 

. Length, In. 

. Olameter, in. 
e 6QA(ox/fuel ) 

. Length, In. 

. Diameter, in 


100/6K 


Page 14 of 16 


F POOR QUALITY 
MS XVII (cent,) 


OME CONCEPTS 





























«Wg» 1 bin/ sec 

•T- . •* 

C 1 

•T r # R 
c o» 

•P r psla 

C 1 . 

•P c psla 

> 

•N M Ibm/sec 

•T u *R 
H 1. 

*\ #R 
o> 

«P U psla 


•P H psla 


•AQ C> Btu/sec 


a ya c 



COMMENTS. 


Judgment 

Fuel rich 66A 
Judgment 

It 

II 


Assumption 












